We have examined the presence, the distribution, and the opsin identity of photoreceptor types in the retina of the European mole, Talpa europaea, a subterranean insectivore with regressed morphology of the visual system. Cones and rods were identified using opsin antisera, and their topographies determined from flat-mounted retinas. The retina (total area 0.75 mm 2 ) contains about 100,000 photoreceptors, 10-12% of which are cones. Rod density is low (theoretical maximum 127,000 mm j2 ). Cone density peaks in central retina (17,750 mm j2 ). Similar to most mammals, two cone opsins, shortwave-sensitive (S) and middle-to-long-wave-sensitive (M), are present. Cone distribution shows a dorsoventral gradient with higher S cone numbers in ventral retina. Coexpression of S and M opsin occurs in more than 30% of the cones. Partial sequencing of the S opsin gene strongly supports UV sensitivity of the mole S cone photopigment. Amino acids that spectrally tune the S opsin are identical in T. europaea and in mammals with known UV cone photosensitivity. The lens transmits light down to 300 nm. Together, our data suggest that photopic vision and UV sensitivity of a cone pigment play a functional role in the European mole.
Introduction
The European mole, Talpa europaea (family Talpidae; mammalia: Eulipotyphla), is a strictly subterranean insectivore that, similar to other mammals adapted to life underground, shows anatomical regression of its visual system at several levels of organization. The eye, about 1 mm in diameter, is hidden under fur and retains a cellular lens throughout adulthood (Kriszat, 1940; Slonaker, 1902; Quilliam, 1966) . The retina displays the stratified organization typical to mammals. About 2000 ganglion cells have been reported (Quilliam, 1966) ; the optic nerve is È50 2m in diameter and contains È3000 axons of which 15% are myelinated (Němec, Cveková, Burda, Benada, & Peichl, 2007) . Major central targets of the eye are diminished or completely absent (Lund & Lund, 1965 , 1966 . Accordingly, visual capacities are considered poor, although the mole successfully performs light/dark discrimination tasks under experimental conditions (Ciba, 1995; Johannesson-Gross, 1988; Lund & Lund, 1965 , 1966 . Regarding the photoreceptors, two structural studies have reported a uniform population of receptors, neither rod-like nor cone-like in the classical sense (Siemen, 1976; Quilliam, 1966) . Three features stand out: (i) receptors are relatively short along their radial axis, (ii) their inner and outer segments are of similar length, and (iii) the outer segments show signs of significant structural degeneration.
While the visual system of subterranean rodents has received much recent attention (for a review, see Němec et al., 2007) , to date no similar studies are available for subterranean representatives of other mammalian orders. Hence, in the European mole, the presence of cones has not been explicitly confirmed yet. It is unclear whether its retina conforms to the duplex retina generally found in mammals, i.e., comprises rods used for low-light (scotopic) vision and cones for daylight (photopic) and color vision, or whether the mole has lost its cones in adaptation to a near-lightless visual environment. If present, do cones form two spectral types expressing shortwave (S) and middle-to-long-wave (M)-sensitive cone visual pigments as in most mammals? To address these issues, we examined the presence, the distribution, and the opsin identity of photoreceptors in the retina of T. europaea using opsin immunohistochemistry at the light and electron microscope level.
Materials and methods

Animals and tissue preparation
Seven adult European moles were collected in Mösbach, Germany, using tube traps under license from the Institute of Nematology and Vertebrate Research, German Federal Biological Research Centre for Agriculture and Forestry. Animals were anesthetized with diethylether, were decapitated, and heads were immersed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4) from 8 hr at 4-C to 1 year at room temperature (RT). For frozen sections, eyes were cryoprotected in 30% sucrose/PB and mounted to receive vertical sections along a dorsoventral meridian. Sections (10-20 2m thick) were collected onto SuperFrost Plus slides, air dried, and stored at j30-C until use. For retinal wholemounts, five eyes were marked in situ at their dorsal pole. After enucleation, cornea and lens were removed, the orientation mark was transferred as a cut in the retina, and the retina was dissected free. One eye was dehydrated in graded ethanol series and embedded in London Resin White (Polysciences, Inc., Warrington, PA), and a series of sections were cut with a diamond knife on a Reichert Ultracut E ultramicrotome. Semithin sections (0.3-1 2m) were mounted on silanecoated glass slides and stained with toluidine blue. Thin sections (80-90 nm) were placed on formvar-coated gold slot grids and processed for opsin immunocytochemistry.
Light microscopic-immunocytochemical analysis
Affinity-purified rabbit antisera JH455 (raised against a human C-terminal S cone opsin epitope) and JH492 (human C-terminal M/L cone opsin epitope) were kindly supplied by J. Nathans (Johns Hopkins University School of Medicine, Baltimore; Wang et al., 1992) . Monoclonal rho4D2 (against bovine rod opsin) was a gift of R. S. Molday (University of British Columbia, Vancouver; Hicks & Molday, 1986) . For cone opsin double labeling, goat sc-14363 antiserum (raised against a 20-aa human N-terminal S opsin epitope; Santa Cruz Biotechnology Inc., Santa Cruz, CA) was used together with JH492. All opsin antibodies have been shown to cross-react with their mammalian homologues and were used previously to identify the respective photoreceptor types in a range of species (e.g., Peichl et al., 2005; Williams, Calderone, & Jacobs, 2005) . To further confirm the specificity of the S cone markers, sc-14363 was used together with JH455. Competition controls, where sc-14363 was preincubated with antigenic peptide, yielded no labeling. Rod bipolar cells were identified on retinal sections using anti-PKC! (P4334, Sigma, St. Louis, MO) and DAPI staining. For single-or double-labeling, sections and wholemounts were blocked with 10% normal donkey serum (NDS), 0.25% Triton X-100, 0.01% NaN 3 in 0.1 M PB for 60 min at RT and incubated with primary antibodies (rho4D2, 1:500; JH455, 1:10,000; JH492 1:10,000; sc-14363, 1:200-1:1000; P4334, 1:10,000) diluted in medium (3% NDS, 0.25% Triton X-100, 0.01% NaN3 in 0.1 M PB) for 16 hr at RT. Binding sites were visualized using Alexa 488-coupled (Molecular Probes, Eugene, OR) or Cy5-coupled (Jackson ImmunoResearch Laboratories, West Grove, PA) donkey IgG (1:500; medium, 1 hr, RT). Specimens were rinsed and coverslipped in Aqua Poly/ Mount (Polysciences, Warrington, PA). To apply rabbit antisera JH455 and JH492 within the same tissue, we sequentially combined the labeled avidin-biotin (LAB) technique using diaminobenzidine (DAB) as a chromogen and the indirect immunofluorescence technique. Two wholemounts were blocked with 10% normal goat serum (NGS), 3% bovine serum albumine (BSA) in 0.01 M PBS, 0.25% Triton X-100, and 0.01% sodium azide (2 hr, RT) and incubated in JH455 (1:50,000) diluted in 3% NGS, 1% BSA, 0.01 M PBS, 0.25% Triton X-100, and 0.01% sodium azide (medium) for 16 hr at 6-C. After washes in PBS/0.25% Triton X-100, retinae were incubated in biotinylated goat anti-rabbit IgG (1:300; Sigma) diluted in medium (2 hr, RT), rinsed, and processed with ExtrAvidin Peroxidase (Sigma, 1:200) in PBS/Triton X-100 (2 hr, RT). Peroxidase was visualized with DAB/ H 2 O 2 (0.015%/0.005%) in PBS. After rinses in PBS, the same tissue was reacted with JH492 (1:5000) in medium (16 hr, 6-C), rinsed, and incubated in Texas red-coupled goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA; 1:100; 2 hr, RT). One retina was hemisected and the two pieces double labeled as follows: the dorsotemporal hemiretina was incubated in a mixture of JH455 (1:10,000) and biotinylated peanut agglutinin (PNA, 200 2g/ml; Vector Laboratories, Burlingame, CA) diluted in medium for 16 hr at 6-C. Visualization of JH455 and PNA was accomplished with Alexa 594-coupled goat antirabbit IgG (1:400; Molecular Probes, Eugene, OR) and ExtrAvidin FITC (1:100; Sigma), respectively, diluted in medium (2 hr, RT). The ventronasal hemiretina was similarly labeled except JH492 (1:10,000) was used as the primary antibody. Retinae were rinsed in PBS, flattened onto slides with the photoreceptor side up, and coverslipped in Vectashield mounting medium (Vector Laboratories, Burlingame, CA).
Electron microscopic-immunocytochemical analysis
Thin sections were incubated on drops of BSA (1% in 50 mM PBS, 0.02% Tween 20) for 45 min, blotted, and single labeled for 3 hr on drops containing either the JH492 or the JH455 antiserum (1:20,000 in 1.5% NGS, 0.5% BSA, 50 mM PBS, 0.02% Tween 20). Grids were rinsed in PBS-BSA and incubated in goat anti-rabbit IgG conjugated to 5-nm gold spheres (1:20; British BioCell International, Cardiff, UK) in 1% BSA, 50 mM PBS, pH 8.0, 0.02% Tween 20) for 90 min. The grids were rinsed in buffer and distilled water, stained for 4 min with 3% uranyl acetate (aqueous solution), and viewed with an electron microscope (JEM-1200; Jeol Ltd., Tokyo, Japan).
Data collection
Cone densities and their topographic distribution were assessed from retinal wholemounts that had been sequentially immunolabeled with JH455 and JH492 to label all cones. Low power micrographs of individual retinae were acquired using a Nikon Eclipse 600 microscope coupled to a Photometrics NU-200 CCD camera and overlaid with grids of 100-2m mesh width. For positions within selected bins, cones were counted in sampling windows (97 Â 97 2m) using a 100Â oil immersion objective and bright-field illumination for the DAB reaction product or epifluorescence with standard filter sets for fluorochrome visualization. Unlabeled photoreceptors were identified as rods and counted using DIC optics. Shrinkage was evaluated by planimetrically determining the retinal area before and after mounting in Vectashield. Data were corrected accordingly and entered in the maps. Micrographs were taken with a Photometrics NU-200 CCD camera or made using Kodak Ektachrome 160T film and scanned. Adobe Photoshop CS (Adobe Systems, San Jose, CA) was used to adjust contrast and brightness of the images and to finally assemble figures.
Lens transmission
Lens transmission was recorded using a NanoDrop\ ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Two shortly fixed lenses of two individuals were rinsed in 0.1 M PB and clamped at 0.2-mm light path between the fiber optics of the spectrophotometer. Measurements were made at 3-nm intervals from 250 to 750 nm and normalized to 1 at 750 nm.
S opsin sequencing
Genomic DNA was extracted from ethanol-preserved muscle tissue to PCR-amplify the S opsin gene from exon 1 to exon 2 using primers 5V-CTCTGGGCCTTCCACCTC-3V and 5V-CTGGAGCTGAAGCGGAAG-3V. Reactions were conducted in 20-2l volumes on an MJ Mini Thermal Cycler (Bio-Rad, Hercules, CA, USA) with initial denaturation at 94-C for 3 min, denaturation at 94-C for 30 s, annealing at 59.5-C for 30 s, extension at 72-C for 90 s for 35 cycles, followed by a final extension at 72-C for 5 min. A single 680 bp product was amplified, purified, and directly sequenced on both strands.
Results
General features of the mole eye and retina
In contrast to other talpid moles (e.g., Neurotrichus gibbsii, Lewis, 1983; Scalopus aquaticus, Slonaker, 1902; T. caeca, Niethammer, 1990) , T. europaea has an open lid through which the minute eye ( Figure 1A ) can be actively protracted from the large palpebral cavity ( Figure 1B ). The pupil is small and the lens entirely cellular. All retinal layers are present ( Figures 1B and 1C ). The photoreceptor layer comprises 4-6 rows of somata. Rod and cone nuclei are indiscriminable by their size or differentially grained chromatin ( Figure S2A ), similar to those of non-fossorial insectivores (Crocidura; Peichl, Künzle, & Vogel, 2000) . Photoreceptor inner segments are densely packed and of uniform size. We found no morphological criteria that enabled the unequivocal differentiation of rods and cones in the toluidine blue-stained semithin sections. Table 1 compiles the general features of the eye and the retina of T. europaea together with the evaluated photoreceptor properties (see below).
Rod and cone opsins
Immunostaining demonstrated that a rod opsin and two cone opsins are present in the mole retina ( Figure 2 ). Rod opsin-specific rho4D2 labeled the majority of photoreceptors ( Figure 2B ). Cone opsin was detected in those approximately 10% of the receptors that were also labeled by the general cone marker PNA (data not shown). More cones were labeled by anti-human M opsin JH492 ( Figure 2C ) than by anti-S opsin sc-14363 or JH455 ( Figure 2D ). The limited availability of fresh mole retinal tissue made Western blot analysis of antibody specificity inapplicable. However, the opsin markers used in this study have been shown previously to cross-react with their mammalian homologues in a range of species and reliably identify the respective photoreceptor types (e.g., Bobu, Craft, Masson-Pevet, & Hicks, 2006; Peichl et al., 2005; Williams et al., 2005) . Of note, sc-14363 and JH455, raised against a human S opsin N-and C-terminal epitope, respectively, showed complete colocalization in double labelings, albeit at different affinities, strongly supporting S opsin specificity in T. europaea ( Figure S1 ).
Rod densities, cone densities, cone/rod ratios, and rod bipolar cells Rod densities and cone/rod ratios were determined from flat-mounted whole retinae (n = 4, obtained from four individuals; Table 1 ) that were immunostained for cone opsin. The density of the unstained rods was assessed by DIC optics. Sampled positions included dorsal, central, and ventral retinal fields. The European mole has a rod-dominated retina with relatively high cone density (Figure 3 ). Rod densities ranged from 99,000 mm j2 , SD T2000, in dorsal periphery to 109,000 mm j2 , SD T 6000, in ventral periphery, with a density peak of 127,000 mm j2 , SD T9000, in central retina. Total cone density increased from 10,300 mm j2 , SD T400, in dorsal to 14,200 mm j2 , SD T300, in ventral periphery, with a peak of 17750 mm j2 , SD T3400, in mid-ventral retina. Cone percentages at selected positions were 9.0-15,6%, corresponding to cone/rod ratios of 1:5.4-1:10.
From the sampled receptor densities, we extrapolate a total of approximately 100,000 photoreceptors per mole retina.
We identified similar frequencies of rod bipolar cells in sections of mole and rat retina ( Figure S2 ) by labeling with anti-PKC! (Greferath, Grünert, & Wässle, 1990) , demonstrating that the lower rod numbers in the mole (mole: 127,000 mm j2 ; rat: 400,000 mm j2 ; Hallett, 1987) are not correlated with lower rod bipolar cell densities.
Dorsoventral gradients and coexpression of S and M cone opsin
Whereas total cone density showed only a slight elevation in ventral retina ( Figure 3C ), S opsin expression followed a clear dorsoventral gradient (Figure 4 , Figure S3 ). S opsin cones (i.e., cones expressing S cone opsin) increased from 2175 mm j2 , SD T690 (n = 4), in middorsal retina to 5000 mm j2 , SD T1000, in midventral retina, corresponding to an increase of S opsin cone proportions from approximately one to two thirds of the cones (34% to 69%; Figure S3 ). In peripheral retina, S opsin cone densities amounted to c. 4000 mm j2 and 10,000 mm j2 in dorsal and ventral periphery, respectively. When JH455 was used together with avidin biotin/DAB labeling, S opsin cone densities were found slightly higher (dorsal: 3900 mm j2 , ventral: 8800 mm j2 ; mean, n = 2), presumably reflecting greater sensitivity of detection (Table 1, Figure S3 ). However, we identified a dorsoventral increase in S opsin cone densities regardless of the type of S opsin antiserum and the amplification protocol in use.
In contrast, M opsin cones (i.e., cones expressing M opsin) showed a markedly lower gradient. Their densities were 13,200 mm j2 , SD T3400 (n = 4), and 16,900 mm j2 , SD T1900 (n = 2), in dorsal and ventral retina, respectively (Table 1, Figure 4) . A significant proportion of cones colocalized S and M opsin, revealed by double-labeling with sc-14363 and JH492 ( Figure 5 ). Three categories of cones were identified, cones expressing S opsin only, M opsin only, or, at different levels, S and M opsin (dual pigment cones). Dual pigment cones were infrequently detected in dorsal retina. Ventrally and at the retinal margins up to 80% of the S opsin cones coexpressed M opsin corresponding to a dual pigment cone percentage of c. 30% of the cones. We confirmed cone opsin coexpression in T. europaea using postembedding immunocytochemistry ( Figure S4 ). Series of ultrathin sections (80-90 nm) were cut, and adjacent sections were alternately single labeled with either the JH455 or the JH492 antiserum, visualized by 5 nm gold particles. This allowed to expose the same cone outer segments to different opsin markers, avoiding crossreaction artefacts. Adjacent sections were screened in the electron microscope and the positions of cone outer segment profiles showing immunogold signal mapped. Within transects corresponding to the ventral retina, matching profiles of cone outer segments either carried both S and M opsin signal ( Figure S4A ) or revealed M opsin signal only ( Figure S4B ). This indicates the presence of at least two cone types, one of which carries binding sites for both S and M opsin markers. In Figure S3 . (2008) Figure S5 ). Rod opsin-and S opsinimmunoreactive profiles in the inner nuclear and ganglion cell layer were amacrine cell-like, a few ganglion cell layer profiles showed JH492 immunoreactivity. All S opsin-IR inner retinal neurons were colabeled by sc-14363 and JH455, suggesting misexpression of S cone opsin rather than cross-reaction artefact.
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Lens transmittance
Transmittance of the whole mole lens was higher than 80% between 750 and 380 nm, decreased to 50% of its maximum at 310 nm, and dropped to 15% at 300 nm ( Figure 6 ). 
S opsin molecular analysis
The S opsin gene sequence including codons critical for determining blue or ultraviolet (UV) sensitivity of the S pigment (Hunt et al., 2007) was partially obtained from genomic DNA and has been deposited in GenBank (accession number EU130563). T. europaea has Phe86 ( Table 2 ), implying that a functional S pigment in the mole is UV sensitive. Phe86 is present only in UV-sensitive S pigments (mammals, e.g., mouse, rat; Yokoyama, 2000) . In mammals with blue-sensitive S pigments (e.g., guinea pig, Parry, Poopalasundaram, Bowmaker, & Hunt, 2004; squirrel, Carvalho, Cowing, Wilkie, Bowmaker, & Hunt, 2006) , site 86 is occupied differently.
Discussion
We have used opsin immunolabeling to demonstrate the presence of both rods and cones in the diminutive eye of T. europaea. Rods are dominant, and the proportions of photopic cones are 9-15%. T. europaea retains the full cone pigment complement, S and M, typical for dichromatic mammals. S opsin cone densities are higher in ventral retina, similar to non-fossorial insectivores (Peichl et al., 2000) ; however, unlike in shrews and a tenrec, a significant proportion colocalizes M opsin. We here report partial sequence data of the S opsin gene strongly implying that the mole S cone photopigment maximally absorbs in the UV.
Rod and cone densities
Peak receptor densities determined here (156,000 mm j2 ) closely correspond to a previous estimate of Quilliam (1966) who extrapolated a maximum of 160,000 mm j2 from counts in a disc-shaped central zone of high receptor density. Integration of local receptor densities suggests that approximately 100,000 photoreceptors are present in a mole eye (retinal area: 0.75 mm 2 ). To our knowledge, no mammal is known to possess fewer photoreceptors. In the strictly subterranean rodent Spalax ehrenbergi, eye size is similar to T. europaea, but rod and cone densities have not been assessed (Cernuda-Cernuda, DeGrip, Cooper, Nevo, & Garcia-Fernandez, 2002) . Bathyergid rodents either have slightly larger eyes, and their receptor densities are unknown (Heterocephalus glaber, Peichl, Němec, & Burda, 2004) , or significantly larger retinas with total receptor numbers increased accordingly (e.g., Cryptomys anselli, 3.87 mm 2 retinal area, 100,000-150,000 rods mm j2 , 8000-13,000 cones mm j2 , total receptor estimate: 500,000; data from Peichl et al., 2004) .
Rod absolute frequencies in T. europaea (theoretical maximum 136,000 mm j2 ) are among the lowest reported for mammals. Similar values are found in subterranean rodents. African mole rats (Bathyergidae) have 100,000-150,000 rods mm j2 (Peichl et al., 2004) , the pocket gopher (Geomyidae) has 55,000-100,000 mm j2 (Williams et al., 2005) . This is significantly lower than in surfacedwelling rodents. The mouse, for example, on average has 437,000 rods mm j2 (Jeon, Strettoi, & Masland, 1998) . Are the more sensitive rods paradoxically reduced in mammals inhabiting low-light underground environments? Comparative data do not support a convergent reduction of the rods in subterranean mammals. Rod densities (mm j2 ) are similar, for example, in three representatives of hystricognathous rodents, the diurnal degu (Octodon degus, 100,000, central retina; Jacobs, Calderone, Fenwick, Krogh, & Williams, 2003) , the crepuscular guinea pig (Cavia porcellus, 120,000-200,000, horizontal streak, 3-10% overestimate; Peichl & Gonzalez-Soriano, 1994) , and the fossorial cururo (Spalacopus cyanus, 200,000, central retina; Peichl et al., 2005) , which is certainly consistent with a role of phylogenetic constraints in shaping receptor frequencies. Rod densities vary to a larger extent in non-fossorial insectivores, with the nocturnal hedgehog (Erinaceus europaeus) showing up to 355,000 rods mm j2 (Glösmann, Harlfinger, & Ahnelt, 2001 ) and shrews (Sorex, Crocidura), revealing 230,000-260,000 mm j2 (Peichl et al., 2000) , but also here, rod densities are more similar between the more closely related Soricidae and Talpidae.
A decline in rods is not paralleled by lower rod bipolar cell densities as evidenced by the similar frequencies of PKC!-positive profiles in rat and T. europaea. This suggests that retinal circuits supporting scotopic vision remain functional, while it remains unclear what consequences a lower convergence in the rod pathway has.
Cone numbers in the mole of 9000-21,000 mm j2 are similar to those in non-fossorial shrews (e.g., Crocidura, 9000-20,000 mm j2 , Peichl et al., 2000) . The robust population of 10,000-12,000 cones could confer photopic capacities as discussed below.
Cone opsins
Two cone opsins (dichromacy) are ancestral to placental mammals (Hunt et al., 2007; Yokoyama, 2000) and seem also characteristic to Eulipotyphla. In contrast to the European mole, in Spalax, due to deletions, the S opsin gene is inexpressible (David-Gray et al., 2002) . Similar to T. europaea, a number of subterranean rodents appear to have retained two opsins albeit with different retinal patterning. In Bathyergidae (C. anselli, C. mechowi, H. glaber), M opsin is barely detectable while S cones are dominant (Cernuda-Cernuda, García-Fernández, Gordijn, Bovee-Geurts, & DeGrip, 2003; Peichl et al., 2004) . S. cyanus appears to express M and S opsin in two cone types . The pocket gopher, Thomomys bottae, coexpresses S and M opsin in a mouse-like dorsoventral gradient (Williams et al., 2005) . Thus, cone opsin patterns differ between subterranean mammals, and so far it is unclear whether species differences reflect evolutionary relationship, are adaptations in response to different visual requirements, or are neutral traits that have evolved by mechanisms other than selection.
Opsin coexpression in insectivores
While mammalian photoreceptors have long been regarded to express only one type of opsin, increasing evidence suggests that some species colocalize S and M opsins in a significant proportion of their cones. Opsin coexpression has been anatomically demonstrated in marsupials, artiodactyls, primates (including man), lagomorphs, and rodents, either permanently or transiently during early development when most cones switch expression from S to M opsin (review: Lukáts, Szabó, Röhlich, Vígh, & Szél, 2005) . In mouse, two opsins within a single cone are functional (Nikonov, Kholodenko, Lem, & Pugh, 2006) , and this does not obviate color vision (Jacobs, Williams, & Fenwick, 2004) . While two pigments in a receptor broaden the spectral window for photon capture, the biological significance of coexpression is unknown. Here, we confirm dual pigment cones in T. europaea, a representative of the Soricomorpha (Eulipotyphla), and demonstrate that at least 30% of the S cones coexpress M opsin. This is in contrast to two genera of shrews and a tenrec, in which Peichl et al. (2000) found no evidence for coexpression. It is possible that coexpression affects an even larger population of cones in the mole. In fact, the different results yielded with our colocalization experiments support two different conclusions. The opsin double fluorescence labeling of frozen sections indicates the presence of genuine S cones, whereas opsin immunogold detection on ultrathin sections implies expression of M opsin in all cones with S opsin coexpressed in a subpopulation, as has been reported in tammar wallaby (Hemmi & Grünert, 1999) , pig (Hendrickson & Hicks, 2002) , and in several species of rodents (for a review, see Lukáts et al., 2005) . It is possible that with the thin sections sampled we have missed genuine S cones, which may be sparsely distributed across the retina. Alternatively, no genuine S cones are present, and with the fluorochrome detection used for the frozen sections we have failed to detect very low levels of M opsin coexpressed in cones containing primarily the S opsin. If so, M opsin present in all retinal cones constitutes a common feature of mammalian photoreceptor organization (Applebury et al., 2000) but due to the limited sensitivity of applied methodology has escaped detection in many instances.
UV sensitivity of the mole S opsin
The binding of C-terminus-specific opsin markers to cell membrane and outer segments of photoreceptors is consistent with the expression of correctly folded, full length opsins and the formation of functional visual pigments. There are no data on the absorption properties of insectivore photopigments. Circumstantial evidence strongly suggests that the S visual pigment in T. europaea is maximally sensitive in the UV. For the S opsin, our molecular analysis identifies Phe at critical amino acid (aa) site 86 implying an S cone pigment with maximum sensitivity in the UV (Hunt et al., 2007) . Sequence comparisons of vertebrate S opsins and site-directed mutagenesis have firmly established a role of site 86 in tuning S pigment spectral sensitivity. Only UV-sensitive S pigments have Phe86 while non-UV S pigments are occupied differently (Cowing et al., 2002) . Substitution of Phe 86 by Tyr is sufficient to shift mouse and bovine S pigment spectral sensitivity from UV to blue (Cowing et al., 2002; Fasick, Applebury, & Oprian, 2002) . Conversely, substitution of site 86 by Phe turns a blue S pigment UV sensitive (e.g., guinea pig, Parry et al., 2004; tree squirrel, Carvalho et al., 2006) . Other sites thought to confer UV sensitivity (Shi, Radlwimmer, & Yokoyama, 2001 ) are identical in T. europaea and species known to show UV vision ( Table 2 ). The presence of a UV cone photopigment is consistent with the UV transmittance of the mole lens. Typically, mammalian lenses attenuate radiation below 400 nm; only mammals expressing a UV cone photopigment transmit significant amounts of UV light to the retina (Hut, Scheper, & Daan, 2000) . UV sensitivity of the S pigment is considered a mammalian plesiomorphy with a shift to blue having occurred several times in different orders (Hunt et al., 2007) . So far, UV vision has been confirmed only within Rodentia (for a review, see Peichl, 2005) . While the biological significance of UV perception still is elusive and functional and behavioral assays will be needed to ultimately confirm UV vision in insectivores, our data together with molecular evidence obtained from marsupials (e.g., Arrese et al., 2005) and bats (Müller, Peichl, Winter, von Helversen, & Glösmann, 2007; Wang et al., 2004) strongly suggest that UV vision in mammals is more widespread than previously assumed.
Possible functional roles of cones in Talpa
The presence of two cone opsins suggests that photopic vision has functional significance in T. europaea. In fact, moles do not entirely live in total darkness. They encounter light daily when clearing debris from the tunnel system and occasionally come to surface, moving to fresh territory when burrowing conditions are difficult and food is absent (Mellanby, 1967) . In contrast to Spalax, which is considered to be effectively blind (Cooper, Herbin, & Nevo, 1993) , evidence from observations of the behavior of T. europaea together with evidence obtained from conditioning experiments indicates that moles respond well to photopic visual stimuli. Talpa withdraws in response to flashlight and successfully performs light/dark discrimination tasks provided the illumination is of sufficiently high intensity (Johannesson-Gross, 1988; Lund & Lund, 1965 , 1966 . The mole also appears to use intensity contrast vision for orientation when swimming (Ciba, 1995) . Residual visual function in T. europaea is further corroborated by anatomical studies demonstrating that major retinocentral projections are vestigial but not completely absent. While projections to the superficial layers of the superior colliculus (which exerts an important function in object localization) and the nuclei of the accessory optic tract (normally used to control compensatory eye movements and to stabilize the retinal image during head movements) appear to be completely lacking, sparse projections to the lateral geniculate body (a relay nucleus for cortical perception and object identification) and pretectum (used for adjusting the size of the pupil in response to changes in light intensity) are retained (Lund & Lund, 1965 , 1966 . Anatomically, a homologue of the visual cortex is discernable (Rose, 1912) . The retention of several central targets suggests preservation of some of the associated visual capacities. Because of the minute size of the eye, the small pupillary aperture, and the markedly cellular lens, it appears unlikely that in T. europaea cone function is involved in high-resolution, image-forming vision. However, functional cones might well contribute to visual capacities such as light/dark discrimination, detection of object movements, and possibly also some form of hue discrimination. It has been suggested that the main use of vision for subterranean mammals is to detect breaks in their tunnel systems, caused by disturbant predators, incidentally by large herbivores, or by corrosion, and which have to be replugged for safety (e.g., Hetling et al., 2005) . Depending on the time of day, tunnel breaks would represent cone-or rod-stimulating light signals, and their detection would not require high visual acuity.
Finally, it is possible that in the mole functional cone opsin pigments subserve the non-visual task of photoperiod perception. In contrast to mole rats of the rodent families Bathyergidae (H. glaber) and Spalacidae (S. ehrenbergi), which display robust circadian rhythms entrainable by light (Rado, Wollberg, & Terkel, 1992; Riccio & Goldman, 2000) , circadian behavior is lacking in the mole. In the wild, T. europaea displays a triphasic activity pattern with ultradian periodicity approximating 8 hr (Macdonald, Atkinson, & Blanchard, 1997) . While in the mole light does not seem to play a role as Zeitgeber in regulating short-term behaviors such as locomotion, feeding, activity, and resting (Hennicke, 1996) , information on photoperiod changes is required to synchronize circannual behaviors such as reproduction and migration (Kumar, 1997) . Because non-photoreceptoral retinal perception providing input to the central pacemakers is not very sensitive (Berson, Dunn, & Takao, 2002) , the retention of multiple photopigments may enhance the efficiency of detection under conditions where light cues are poor and of low intensity.
